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Summary
The noncanonical wnt/planar cell polarity (PCP) path-
way [1] regulates the mediolaterally (planarly) polar-
ized cell protrusive activity and intercalation that
drives the convergent extension movements of verte-
brate gastrulation [2], yet the underlying mechanism
is unknown. We report that perturbing expression of
Xenopus PCP genes, Strabismus (Xstbm), Frizzled
(Xfz7), and Prickle (Xpk), disrupts radially polarized
fibronectin fibril assembly on mesodermal tissue sur-
faces, mediolaterally polarized motility, and intercala-
tion. Polarized motility is restored in Xpk-perturbed
explants but not in Xstbm- or Xfz7-perturbed explants
cultured on fibronectin surfaces. The PCP complex,
including Xpk, first regulates polarized surface as-
sembly of the fibronectin matrix, which is necessary
for mediolaterally polarized motility, and then, without
Xpk, has an additional and necessary function in po-
larizing motility. These results show that the PCP
complex regulates several cell polarities (radial, pla-
nar) and several processes (matrix deposition, motil-
ity), by indirect and direct mechanisms, and acts in
several modes, either with all or a subset of its com-
ponents, during vertebrate morphogenesis.
Results and Discussion
Vertebrate homologs of the Drosophila genes function-
ing in the PCP pathway are necessary for the polarized
cell behaviors underlying the convergent extension
movements that function in gastrulation and shape the
body plan [2]. In frog embryos, the axial and paraxial
mesodermal tissues and the neural tissues narrow
(converge) and lengthen (extend) dramatically during
gastrulation and neurulation, which results in squeezing
the blastopore closed and elongating the anterior-pos-*Correspondence: rek3k@virginia.edu
5These authors contributed equally to this work.terior body axis. Convergence and extension move-
ments are the result of several rounds of mediolaterally
directed cell intercalation. In mesodermal tissues, med-
iolateral intercalation coincides with characteristic bi-
polar filo-lamelliform protrusive activity directed along
the mediolateral axis called mediolateral cell intercala-
tion behavior (MIB) [3]. Overexpression, expression of
dominant-negative forms, or morpholino-mediated
knockdowns of components of the PCP pathway, in-
cluding Disheveled [4], Strabismus (Van Gogh) [5] (Fig-
ure 1A), Frizzled [6, 7], Prickle [8], and Wnt 11 [9], as
well as downstream signaling components, including a
cytoplasmic formin homology protein DAAM1, and the
small rho family GTPases, Rho, Rac, and Cdc42 [10–
13], result in failure of convergent extension, failure of
blastopore closure in most cases, and produce a very
wide but severely shortened anterior-posterior axis.
Several findings raise the question of whether the
role of PCP pathway genes in MIB and the resulting
convergent extension is direct, indirect, or both and
suggest an indirect role in organizing extracellular mat-
rix (ECM). Fibronectin, a principle component of the ex-
tracellular matrix and its integrin receptor, α5β1, plays a
major role in radially polarizing animal cap and marginal
zone cells, a role essential for the radial intercalation
that drives epiboly and early extension of the marginal
zone of Xenopus [14]. In addition, an integrin-mediated
interaction with fibronectin regulates cadherin-depen-
dent adhesion and is essential for the subsequent med-
iolateral intercalation of deep mesodermal cells that
drives convergent extension [15]. Perturbation of Wnt
signaling and noncanonical Dsh (Dishevelled) function
disrupts organized fibrillar matrix deposition in Xeno-
pus and blocks cell polarization and convergent exten-
sion (Marsden and DeSimone, 2003, 43rd Annu. Meet.
Am. Soc. Cell Biol., abstract). The function of the small
GTPases Rho and Rac [16] are essential for extracellu-
lar matrix fibril organization by cultured cells in vitro,
suggesting that these genes, which are downstream of
the PCP pathway [10, 11], may mediate PCP function
in matrix deposition.
In normal development of Xenopus, fibronectin (FN)
is a major component of the fibrillar ECM that lines the
blastocoel roof and surrounds the mesoderm [17] dur-
ing convergence and extension (Figures 1B and 1C,
controls). In fibronectin fibril assembly, overexpression
of Xstbm mRNA produces dose-dependent defects
(Figures 1B and 1C), which are correlated with worsen-
ing whole-embryo defects in convergent extension
from weak to mild to severe (Figure 1A). Fibrils are not
simply absent but are instead assembled in a disorga-
nized manner in both the planar, enface projection (Fig-
ure 1B) as well as across the thickness of the meso-
derm as seen in the transverse projection (Figure 1C).
Notably, transverse projections show progressive fail-
ure to localize fibril deposition to the external surfaces
of the mesodermal tissue masses (Figure 1C). Similar
fibril assembly defects are found in whole embryos ex-
hibiting severe phenotypes after overexpression of
Xstbm, Xfz, Xpk, and the dominant-negative constructs
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788Figure 1. Whole-Embryo Phenotypes and Fibronectin Fibril Distribution in the Dorsal Axis
(A) Increasing severity of whole-embryo phenotype with amount of Xstbm overexpression.
(B and C) Increasing disruption of fibrillar fibronectin ECM organization with increasing amounts of Xstbm overexpression. (B) Projection of
en face confocal sections (shown in schematic at left) shows increasing width of notochord field (asterisk) and uneven lateral boundaries
with somitic mesoderm (arrowheads). (C) Projection of transverse sections (shown in schematic at left) shows that increasing amounts of
Xstbm result in increasing amounts of fibril assembly throughout the notochord (asterisk) no longer restricted laterally by the somitic meso-
derm (arrowheads). (D–F) Expression of dominant-negative Xstbm PDZ-B and Xpk Lim-PET and overexpression of Xfz7 and Xpk produce
severe whole-embryo phenotypes similar to severe Xstbm phenotypes (D), disrupt both planar (E) (en face projections of confocal z sections)
and radial organization (F) (transverse projection of confocal z sections) of fibronectin ECM throughout the dorsal axial mesoderm (asterisk,
notochord; arrowhead, lateral boundary of notochord and somitic mesoderm). Scalebars indicate 50 microns. Scale of (B) and (E) are the
same, as are (C) and (F). ant, anterior; pos, posterior; dor, dorsal; ven, ventral; so, somitic mesoderm.Xstbm dPDZ-B and Xpk dLim-PET (whole-embryo phe- d
tnotype, Figure 1D; enface FN organization, Figure 1E;
transverse FN organization, Figure 1F). Thus, fibronec- q
ttin disorganization and nonpolar assembly of fibrils in-
creases with increasingly severe PCP phenotypes. a
pTo assess whether perturbed fibronectin fibrils wereirectly responsible for the defects in convergent ex-
ension or whether fibril disorganization was a conse-
uence of failed convergence and extension, we assessed
he role of Xstbm, Xfz7, and Xpk on cell intercalation when
n ectopic FN substrate was provided. Because Xeno-
us notochord cells normally express Xpk, Xstbm, and
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789Xfz7 [5, 8, 18], we used the “three-notochord” explant
preparation (Figure 2A) in which three notochordal an-
lage are grafted together, side by side, with the center
and side notochords labeled differently; the cells of
these notochords normally intercalate mediolaterally to
form one notochord and elongate (Figure 2B, control/
BSA), thereby allowing direct observation of cell inter-
calation. After 5 hr, control explants narrow by 47%,
and by 10 hr, they have narrowed by 69%. In contrast,
by 10 hr Xpk, Xstbm, and Xfz7 explants narrow by 38%,
11%, and 14%, respectively (Figure 2B). In control ex-
plants cultured on BSA-coated glass, cells adopt a
characteristic elongated bipolar shape (10.51 length/
width ratio), intercalate freely and deeply into the neigh-
boring regions, and the explant extends, whereas in ex-
plants overexpressing Xstbm, or Xfz7, the elongated bi-
polar cell shape (both 1.48 L/W), cell intercalation, and
convergent extension do not occur (Figure 2B). Note
that the labeled lateral notochords (bright) intercalate
completely into the unlabeled medial notochord in
controls but not in the others (Figure 2B). Weak cell
intercalation and convergence occurred in the Xpk-
overexpressing explant; however, cells do not adopt
elongated bipolar shapes (1.49 L/W; Figure 2B). In con-
trast, in Xpk-overexpressing explants cultured on fibro-
nectin-coated glass, the cells orient mediolaterally,
adopting the bipolar, fusiform cell shape (4.42 L/W) at
a level approximating that seen in control explants (4.47
L/W) cultured on fibronectin-coated glass (Figure 2C).
However, these features of mediolateral cell polariza-
tion are not restored in explants overexpressing Xstbm
(1.48 L/W) or Xfz7 (1.52 L/W) cultured on fibronectin-
coated glass (Figure 2C). Note that explants cultured
on fibronectin substrate do not converge and extend
substantially [19]. The fibronectin is attached to a rigid
substrate, the glass coverslip, and the cells attached to
FN therefore can not distort the coverslip. In the
embryo, however, the matrix is fibrillar and deformable
[17], thus allowing convergence and extension.
To rule out the possibility that disrupting PCP gene
expression reduced protrusive activity and confirm ef-
fects on mediolaterally polarized protrusive activity, we
characterized cell protrusions in dorsal open-faced ex-
plants expressing a membrane-targeted GFP (GAP43-
GFP). Explants made at stage 10 and cultured on fibro-
nectin-coated glass expose deep cells of the explant
to high resolution confocal time-lapse imaging at the
cell-substrate surface (red) and 5 m deep (green). Within
6 hr, both control (Figure 3A, green) and Xpk-overex-
pressing cells (Figure 3C, green) adopt the bipolar
shape characteristic of MIB, whereas Xstbm-overex-
pressing cells remain round (Figure 3B, green). Control
and Xstbm- and Xpk-overexpressing cells extend and
retract lamellipodia (Figures 3A, 3B, and 3C, arrow-
heads). The frequency of lamellipodial-protrusive activ-
ity was similar in all cases (30 per cell per hour in con-
trol cells, 37 in Xstbm-overexpressing cells, and 26 in
Xpk-overexpressing cells); however, protrusions were
randomly directed in Xstbm-overexpressing explants
but polarized mediolaterally in both control and in Xpk-
overexpressing explants (Figures 3A#, 3B#, and 3C#)
(92% of protrusions from control cells, 57% of protru-
sions from Xstbm-overexpressing cells, and 85% of
protrusions from Xpk-overexpressing cells were di-rected into the mediolateral quadrants; Xfz7-overex-
pressing explants are similar to Xstbm cells, data not
shown).
Our results argue that the PCP pathway has two
functions in the early development of the frog embryo.
Its first and perhaps primary role is for the directed,
polarized assembly of fibronectin fibrils along tissue in-
terfaces surrounding the mesoderm (e.g., the surface
of the mesoderm; Figure 4). By “polarized” we mean
the localized assembly of fibronectin along the surface
of the mesoderm. In regard to this role, perturbation of
the PCP pathway of the frog acts cell nonautonomously
and results in unpolarized (nonsurface) assembly of the
ECM. Polarized deposition of this fibronectin matrix is
necessary for the subsequent polarization of cell motil-
ity in the mediolateral axis, and in its absence, this
characteristic mediolateral intercalation behavior (MIB)
does not occur. In Drosophila, Fz, Stbm, Dsh, and Pk
are thought to form a “feedback” complex that func-
tions to develop polarized distribution of proteins, with
Fz and Dsh high on one end of the cell and Stbm and
Pk high on the other, thus polarizing the cell [20, 21].
The fact that perturbation of Xstbm, Xfz, and Xpk in this
study, and Wnt 11 and Dsh in another study (Marsden
and DeSimone, 2003, 43rd Annu. Meet. Am. Soc. Cell
Biol., abstract), all result in failure of polarized matrix
assembly argues that the PCP complex, including Xpk,
is essential for this first function of polarized assembly
of matrix. Xpk may localize, or locally activate the PCP
complex in response to “radial” tissue polarity cues al-
ready present in the embryo and by unknown mecha-
nisms, perhaps involving interaction with the integrin
pathway, localize fibril deposition to the mesodermal
surfaces (Figure 4). Xpk’s role might be to act as a sim-
ple “on/off” switch, as it does in the Drosophila wing
disk [21, 22]. In that case, an intact PCP complex is
entrained to the proximal/distal polarity already estab-
lished in the disk. In Xenopus, Xpk may act by localizing
the PCP complex to the surfaces of the mesoderm cell
facing ectoderm or endoderm.
The fact that failure of Xpk function, but not that of
the other PCP genes, can be rescued by an exogenous
planar surface of fibronectin suggests a second, Xpk-
independent function of the PCP complex in mediolat-
eral cell polarization and suggests that assembly of a
planar matrix is the essential function of first activity of
the PCP complex and that exogenously provided polar-
ized matrix can substitute for the first, Pk-dependent
operation of the PCP complex (Figure 4). The fact that
perturbation of the other PCP genes cannot be rescued
suggests that they are essential for this second opera-
tion of the complex.
The polarized, surface assembly of matrix mediated
by the whole PCP complex may provide the radial
context cues that persist into the next, mediolateral po-
larization phase of mesodermal morphogenesis. This
persistent radial polarization cue from the first phase
may be essential for the second activity phase of the
PCP complex minus Pk in mediolateral (planar) polar-
ization. The defining systems for the PCP pathway are
the Drosophila wing and eye, both of which are epithe-
lial sheets with inherent apical-basal polarity [23], but
the mesoderm in the frog, as in most vertebrates, is a
mesenchymal mass of cells [24] with no inherent radial
Current Biology
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791complex may provide this essential radial axis, thereby proximal role of planarly polarizing MIB.
Figure 2. Cell Intercalation in Three-Notochord Explants
(A) Procedure for making three-notochord explants. Xstbm, Xpk, or Xfz7 mRNA with green tracer (GFP or gap43-GFP) or red tracer (Alexa594
dextran) was coinjected into two dorsal blastomeres of the 4-cell-stage embryo. Notochord sectors (without epithelium) were dissected from
injected embryos at stage 10.
(B and C) Three-notochord sectors from different embryos were grafted together and cultured on either the BSA (B)- or fibronectin (C)-coated
glass, exposing the deep cells to two fluorescent color time-lapse imaging. Control explants were made from embryos injected with GFP or
gap43-GFP and Alexa594 dextran. The time elapsed is indicated at the bottom right. (B) On BSA, cells in control explants adopt bipolar
shapes and intercalate deeply into the neighbor notochord to make a single big notochord. Xpk-overexpressing explants converged weakly.
Xstbm- and Xfz7-overexpressed cells remain round and the explants never converge. (C) On fibronectin, cells in the central notochord of
control explants adopt bipolar shapes and intercalate deeply. Likewise, cells within Xpk-overexpressing explants become bipolar and interca-
late. In contrast, Xstbm- and Xfz7-overexpressed cells remain round and do not intercalate as in (B). ml, mediolateral.Figure 3. Cell Protrusions along the Fibronectin Substrate in Explants Overexpressing Xpk or Xstbm
Xpk or Xstbm mRNA was injected into two dorsal blastomeres of the 4-cell-stage embryo. An mRNA encoding a plasma membrane localizing
GFP (gap43-GFP) was injected into several dorsal blastomeres at stage 7 to allow visualization of cell protrusions and cell shapes. Dorsal
open-faced explants were dissected from the injected embryos at stage 10 and cultured on the fibronectin-coated glass exposing the deep
cells to confocal time-lapse imaging. The protrusions were detected on the surface on labeled cells facing the fibronectin substrate (red) and
cell shapes were observed 5 m deeper into the explant (green). (A) In control explants, gap43-GFP-labeled cells adopt bipolar shapes with
protrusions at their mediolateral ends. (B) Cells in Xstbm-overexpressing explants remain isodiametric, do not adopt bipolar shapes, and
extend protrusions in all directions. (C) Cells in Xpk-overexpressing explants show similar bipolar shapes and mediolaterally directed protru-
sions. Arrowheads show lamelliform protrusions along the fibronectin substrate. (A#, B#, and C#) Analysis of protrusive activity in (A), (B), and
(C), respectively. Rose diagrams show the normalized frequency of protrusions from five cells in the explant shown in (A), eight cells in the
explant shown in (B), and seven cells shown in the explant shown in (C) directed into 30° bins representing 360° around the cell’s center.axis (e.g., “deep-superficial” or apical-basal axis). Po-
larized matrix assembly in the first operation of the PCPallowing the PCP complex to respond to upstream or
parallel global planar cues [25] in its second and more
Current Biology
792Figure 4. A Two-Step Model for Function of
the PCP Complex in Cell Polarization during
Convergent Extension Viewed in the Trans-
verse Section
The first step (blue arrow, center) involves
radial polarization of the mesodermal cells
(red shading) and the associated, polarized
secretion of fibronectin extracellular matrix
(green) at the outer surfaces of the mesoder-
mal cells, between the mesoderm and the
overlying neural (dark gray) and underlying
endodermal (light gray) epithelial tissues.
Tissue interactions not yet described be-
tween one or both of these epithelial tissues
and the mesoderm (black arrows, center,
top) may induce this radial polarization of the
mesodermal cells. As a consequence, in a
polarized fashion at their outer ends, the
cells assemble a fibronectin matrix, which is
at the interfaces between the mesenchymal
mesoderm and these adjacent epithelial tis-
sues (green, center). In the second step (ma-
genta arrow, center), the cells polarize mediolaterally (red shading), enabling them to produce their characteristic mediolateral intercalation
behavior and, thus, convergent extension. Perturbation of Prickle function on the one hand (Pk, center left) and Stbm or Fz on the other
(Stbm, Fz, center right) result in failure (light blue arrows) of radial polarization and assembly of disorganized, unpolarized matrix (nonsurface;
green). Subsequently, mediolateral polarization also fails, and the tissue thickens (because of failure of radial intercalation) and fails to
converge and extend (light magenta arrows). Culture of Pk-perturbed explants on a planar, exogenous fibronectin substrate rescues mediolat-
eral polarization (far left), whereas it does not rescue Stbm- or Fz-perturbed explants (far right). These results argue that the PCP complex,
including Prickle, is necessary for the first step (blue arrows) of radial polarization of the cells and, directly or indirectly, for polarized, surface
assembly of fibronectin matrix, but the second step (magenta arrows) requires the polarized, surface matrix and the PCP complex but
not Prickle.(These considerations highlight the fact that although
pthe PCP pathway appears homologous in vertebrates
aand invertebrates (Drosophila) there are several impor-
g
tant cell biological differences. First, vertebrate meso- m
dermal cells at this stage are mesenchymal, not epithe-
lial. In the case of the wing disk, the eye, and other M
Pepithelia of Drosophila, disruption of the primary genes
zin the PCP pathway still results in the generation of po-
olarized structures albeit misoriented ones [1]. In the
B
case of the Xenopus mesoderm, cells are not simply i
misoriented but lose their polarity as well. Mediolateral l
cell intercalation depends on anterior-posterior posi- e
otional information in both Xenopus [25] and in Drosoph-
Mila [26], but in Drosophila, it does not appear to be regu-
mlated by the PCP pathway, suggesting that despite a
v
common dependence on anterior-posterior signaling s
and a common mode of extension by cell intercalation, b
convergent extension in the two may be regulated dif- M
(ferently. Lastly, in Drosophila epithelial tissues, the PCP
bpathway regulates development of a permanent struc-
itural polarity, whereas in frog mesoderm, the PCP path-
r
way regulates a reiterative polarized cell behavior that N
produces several rounds of cell intercalation. Any
mechanism of initiating polarity in vertebrate meso- d
tderm must continue to operate continuously through
Imultiple rounds of cell intercalation as well as during
tthe long process of recruiting cells and organizing MIB
N
in the posterior dorsal axis. n
Experimental Procedures
A
Microinjection and Immunostaining
Whole embryos were staged [27] and fixed with 5% trichloroacetic W
Dacid in phosphate-buffered saline and stained with monoclonal an-
tibody (4H2) to Xenopus fibronectin [17]. mRNAs encoding Xpk c1000 pg), Xstbm (25–200 pg), Xstbm (PDZ-B) (500 pg), Xfz7 (100
g), and GFP (5–200 pg) or gap43-GFP (5–200 pg) as a green tracer
nd 800 pg of Alexa594-dextran (Molecular Probes, Eugene, Ore-
on) as red tracer were microinjected into the prospective anterior
arginal zone of the two dorsal blastomeres of the 4-cell embryo.
icrosurgery, Imaging, and Morphometric Analysis
rocedures for making three-notochord explants [5] and marginal-
one explants [19] were previously described. Glass was coated
vernight with either 20 g/ml bovine fibronectin (Roche Molecular
iochemicals, Indianapolis, Indiana) or 1 mg/ml BSA (Sigma Chem-
cal, St. Louis, Missouri). Low-light fluorescence images and time-
apse recordings of cell behavior were collected with a digital cam-
ra (Hamamatsu 4742, Orca, Bridgewater, New Jersey) mounted
n an inverted compound microscope (Olympus IX70; Olympus,
elville, New York) controlled by image acquisition software (Meta-
orph Imaging System; Universal Imaging, Downington, Pennsyl-
ania). Confocal time-lapse and z-series stacks of confocal optical
ections were collected with 60× and 20× objectives, respectively,
y using a confocal scanning laser microscope (PCM2000; Nikon,
elville, New York) mounted on an inverted compound microscope
Nikon TE-200) controlled by acquisition software (Compix, Cran-
erry Township, Pennsylvania). Projections of z series to single
mages and assembly of two-level time-lapse sequences were car-
ied out with image-processing software (ImageJ; Wayne Rasband,
IMH; see http://rsb.info.nih.gov/ij/ for ImageJ).
Explant convergence, cell shapes, and protrusive activity were
etermined from time-lapse sequences and measured with quanti-
ative-image-analysis software (Metamorph Imaging System and
mageJ). Rose diagrams of protrusive activity and cell-shape orien-
ation were plotted with macros written by one of the authors (L.D.;
IH-Image, Wayne Rasband, NIMH; see http://rsb.info.nih.gov/
ih-image).
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